Abstract Recent studies highlight the importance of humidity in accounting for extreme values of wet-bulb temperature, a proposed indicator of heat stress. But this result may be sensitive to the measure of heat stress used-an ongoing source of confusion.
Plain Language Summary
There is confusion about how to measure heat stress, in particular between the wet-bulb globe temperature often used to screen for dangerous heat at sporting events and in workplaces, the wet-bulb temperature beloved of weather geeks, and apparent temperature quoted to the public by weather services. Here these distinctions are demystified. The distinction between these quantities matters a lot when considering how important humidity is to heat stress.
Humans and other warm-blooded creatures have to exhaust the waste heat created by normal metabolic processes, while keeping core body temperature within a fairly narrow range. Cold weather requires that we insulate ourselves to avoid losing heat at too great a rate, while hot weather impedes heat loss and compels a variety of coping strategies including resting to reduce the metabolic rate. Evaporative cooling of perspiration is a key function, but its effectiveness decreases with ambient humidity and also depends on wind or ventilation (and clothing). Therefore, heat stress on humans must, in general, depend not only on the ambient (dry bulb) temperature but also humidity, wind, and incident radiation (particularly sunshine if one is outdoors).
Two important questions are what kind of weather patterns lead to dangerous levels of heat stress and how such weather patterns might be affected by global warming. Recently, Raymond et al. (2017) examined the first of these questions for the continental United States. Their main finding was that heat stress extremes more often coincide with extreme values of humidity rather than temperature-in other words, that humidity variations are more important than those of temperature in creating extreme heat stress. Most clearly evident in the warmer regions of the United States, this role for humidity is noteworthy since reporting of heat waves has tended to focus only on temperature. The authors traced these heat extremes to anticyclones that move eastward across the continent, creating inversions which can trap heat and moisture close to the surface. These propagating or wavelike disturbances can be generated by Pacific sea surface temperature patterns.
A measure of heat stress being used more frequently to index heat stress (e.g., Raymond et al., 2017) is the wet-bulb temperature (T W ). A number of heat stress metrics have been devised that account for the relevant environmental factors according to different models of a human and different situations (e.g., working outdoors vs. sitting indoors). The ISO standard for heat stress is a different quantity called the wet-bulb globe temperature (WBGT), a linear combination of the temperatures of an unshielded black globe, an ordinary shielded thermometer, and a wet-bulb thermometer. The value thus obtained depends on all four of the aforementioned environmental factors, in a way thought to mimic a human working outdoors (Parsons, 2006) . Due to their similar names, T W and WBGT are sometimes confused, and both have been confused with ordinary temperature-but their differences are important (see below). In the United States the quantity the public will be most familiar with is the heat index or apparent temperature (AT), which is a more generic measure of how hot it feels. The basic version of this quantity depends only on temperature and humidity, but it can also include wind chill. Many other measures of heat stress exist worldwide.
For any such measure to be useful it needs to successfully predict health impacts, and it needs to be quantitatively calibrated against those impacts. There are established safety thresholds for WBGT based on studies of physiological responses; for example, values exceeding 32°C are highly stressful for outdoor exertion and such thresholds are used for regulating military exercises and sports. WBGT has also been linked to economic impacts such as lost worker productivity (Kjellstrom et al., 2016) . By contrast, T W is not well calibrated as a heat stress metric and no safety thresholds are recognized by the heat-health community. So why are some researchers beginning to use it? First, instruments that properly measure WBGT are extremely rare, and the quantity is not easy to calculate (more properly, approximate) from standard meteorological data. In particular WBGT can be strongly affected by radiation, which is not measured at most weather stations, and anyway the impacts of both wind and radiation can vary greatly depending on exactly where someone is located and what clothing they are wearing. Because of this, most scientific studies use a simplified WBGT developed by the Australian military (sWBGT), which (like T W ) depends only on temperature and vapor pressure with fixed assumptions about the other two factors. This eliminates much of the quantity's qualitative distinction from T W , and indeed the two are highly correlated. T W is in contrast the more easily measured of the two: wet-bulb thermometers were the standard way of measuring humidity before modern electronic sensors were developed. Second, and uniquely among all potential indices, T W is directly related to the moist entropy of air and thus controls the heat flux into or out of a wet object according to the second law of thermodynamics. On the basis of this, Sherwood and Huber (2010) argued that a T W of 35°C or higher could not be survived by humans for more than a few hours regardless of adaptations (other than avoidance, that is, finding a cooler space). Empirical measures like WBGT implicitly involve physiological adaptations, so applying them to significantly warmer global climates would require extrapolation way outside their range of calibration, potentially invalidating them. In contrast, with T W we have an ineluctable thermodynamic principle to hold on to. These circumstances appear to have sparked a new wave of climate-oriented studies employing T W as a heat stress measure, in spite of its lack of calibration to impacts. Does it make a significant difference which metric is used? All metrics increase with temperature and humidity (Figure 1 ), but T W is much more sensitive to humidity than WBGT, which is in turn more sensitive than AT. For example, dry air at 50°C has the same AT as 32°C air at 100% relative humidity (RH); the same WBGT as 32C air at 75% RH; and the same T W as 32°C air at only 20% RH. This makes sense physically given the different applications of the three metrics. The more of a person's skin that is wet (e.g., by perspiration), the more important is humidity to the heat flux out of their body (summed over wet and dry skin), all other things being equal. T W applies to a person who is completely wet and unclothed (i.e., swimming), while WBGT is designed for realistic conditions of hard exertion where some but not all skin is wet and exposed, and AT applies to general conditions where a person is fully clothed and not perspiring much. Thus, the metrics Temperature and humidity dependence of three heat stress measures (wet-bulb temperature, simplified wet-bulb globe temperature (WBGT), and apparent temperature, shown by color). X axis is dry-bulb (standard) temperature. Each panel has a different color scale (shown below), with the three scales matched so that colors from 30 to 40°C at 40% relative humidity (RH) are the same for all metrics. Thus, any differences between panels at a given point show differences in indicated heat stress at that point relative to that at 30-40°C at 40% RH.
apply to different levels of heat stress, with T W applying to the most extreme conditions. Heat health studies that explicitly consider T W show that, even in very stressful real environments, heat stress is not as humiditysensitive as T W alone but is well predicted by a linear combination of T and TW (e.g., Liang et al., 2011) . Such linear combinations are close to the sWBGT, confirming that the ISO standard is more relevant than TW for realistically stressful conditions. Note that the presumed limit of survivable T W , 35°C, corresponds to a sWBGT of around 50°C for a relatively wide range of conditions, so it is way off the charts in terms of currently used danger thresholds for WBGT. While WBGTs of 35°C occur commonly today in tropical climates (Willett & Sherwood, 2010) , TW never reaches 35°C. The large difference in absolute value of these two measures makes it particularly important not to confuse them! The conclusion of Raymond et al. (2017) that T W is primarily controlled by humidity will therefore be less true for other, more conventional measures of heat stress. At most of the U.S. coastal sites they examine, for example, extremes of sWBGT (or especially AT) may coincide with the hottest days rather than the most humid. Nonetheless, the importance of humidity needs to be emphasized given how much it has been overlooked in climate studies, and meteorological patterns for extreme T W may not look very different for extreme sWBGT. Checking this, and looking at how these quantities relate in future climate projections, would be a good step in the direction of uniting these measures. It is important to clarify what the future holds for heat stress impacts before we get to the horrifying scenario of 35°C wet-bulb temperatures, and to do that, we will probably need both the traditional and the new metrics.
